For the study of complex sound scattering phenomena, the Monte Carlo method has been investigated to establish a novel particle size characterization model in concentrated particulate two-phase flow. Starting from the single particle scattering theory, the numerical simulation was carried out to predict the acoustic attenuation characteristics in the two-phase system of glass bead / water with different particle sizes, concentrations and ultrasonic frequencies. Through the comparison of the ECAH model of single scattering theory, it was found that they were in good agreement at volume concentration of φ=1%, while a clear divergence occurred with the increase of the concentration. At the same time, closer results with Lloyd & Berry's complex scattering correction model can be observed over the whole concentration range, which indicates that the proposed Monte Carlo method can be used for numerical modelling of particle size measurement in the complex scattering condition.
Introduction
The on-line monitoring of suspensions and two-phase flow with a high concentration of particles needs the characterization of different parameters like particle size, distribution and concentration which are recommended for process efficiency and product quality control in industrial processes. In recent years dispersed system particle characterization has been increasingly aroused researchers' attentions with the rapid development of two-phase flow. A widely variety of experimental techniques have been developed in the particles two-phase flow measurement, e.g. electron and light microscopy, dynamic and static light scattering, neutron scattering and electrical conductivity measurements. Even so, most of these techniques are either destructive or only suitable for dilute optically transparent systems, cannot meet the demands of industrial production.
Ultrasonic techniques provide [1] [2] [3] [4] [5] a number of advantages for on-line particle size determination of two-phase flow, particularly their ability to operate on slurries which are undiluted with a high concentration of particles, optically opaque and electrically non-conducting. In addition, ultrasonic measurements are rapid, precise, nondestructive and safe. Ultrasonic methods especially ECAH (Epsten-Carhart-Allegra-Hawle) model [6] [7] has been widely used for particle size and concentration measurement based on theoretical model value and pre-measured attenuation coefficient spectrum of particles in two-phase flow. Therefore, the precise mathematical prediction model is the key to particle characterize in two-phase flow.
With the increase of particle volume concentration, scattering especially multiple scattering effects cannot be neglected. It is a meaningful work to study ultrasonic attenuation at high concentration. Urick and Ament [8] proposed a model of thin layer approximation which could be utilized to calculate ultrasonic multiple scattering. Warterman and Truell [9] developed a relatively complete multiple scattering theory model by calculating the forward and backward scattering amplitude. Lolyd and Berry [10] also developed a widely used multiple scattering model based on the conservation of energy density in the media. However, because of the complexity of multiple scattering mechanisms, numerical solution cannot obtain uniform.
Meanwhile, Monte Carlo method that based on mathematical statistics and computer technology has been widely used to resolve complex and abstract physical problems especially in light multiple scattering [11] [12] . But it has not been applied in the theoretical model of ultrasonic particle measurement. Based on this, investigation of Monte Carlo method on the ultrasonic attenuation prediction in liquid-solid particulate two-phase flow is presented in this paper. The relationships among the ultrasonic attenuation coefficient, the particle size, volume concentration and ultrasonic frequency are discussed and analyzed in detail.
Monte Carlo method principle

The process of ultrasonic scattering by Monte Carlo
The ultrasonic scattering characteristics of propagation through particle two-phase flow can be modeled by tracing paths of individual phonons from a sufficiently large set of phonons sample size. A phonon path is influenced by the events such as emission, propagation on the free path, the patterns of collision on particle (absorption or scattering) and ultrasonic scattering direction. These events are described by using probability distributions. A typical schematic of the propagation in particle two-phase flow for ultrasonic is shown in Fig. 1 , the ultrasonic emitted by the transducer can be abstracted into independent phonons which are emitted from the single point. When the phonon propagates a free path though the two-phase flow, it would collide with the particle. The patterns of collision absorption or scattering were described by using probability distributions. Ultrasonic attenuation model was established by statistical results received by detector.
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The patterns of collision and free path
As mentioned above, when the phonons collide with particles, both scattering and absorption may occur. Probability of photon collision is related to parameters of discrete particle phase, medium and ultrasonic frequencies.
Probability of phonon scattering is given as:
Therefore, probability distributions model can be acquired by uniform distribution random number ξ between 0 and 1.The pattern of collision is absorption if ξ>P, else the pattern of collision is scattering and the process of propagation will go on until termination condition is satisfied.
The distance to the next collision is a random variable generated by probability distribution model similar to light multiple scattering given by
Where the ξ is another new uniform distribution random number.
ultrasonic scattering directions
Phonon scattering direction is a random variable generated by using normalized scattering sound pressure distribution given by Where u n =cos (θ); v n =sin (θ); L is scattering free path It should be pointed out that the energy of phonon will attenuate on the propagation. Weight factor W was applied to determine the termination condition and the initial value W=1, the new factor W is given by W'= WP. When the weight factor is less than Settings e (10 -5 ), the propagation of phonon is ended.
Verification of probability model
Scattering characteristics of single spherical particle are calculated by using Faran elastic theory [16] given by 0 , c o s scar n n Fl n Fl n n p r A j k r i n k r P Where j n and n n refer to spherical Bessel function of the first and second kind respectively; P n (cos )is Legendre polynomial; A n is scattering coefficient calculated from boundary conditions and physical parameters. It is obviously that scattering sound pressure distribution can be given both by Faran theory in Eq. (8) and Monte Carlo method in Eqs.(3)- (5) . In order to verify the accuracy of probability model and random number, the distributions of scattering sound pressure are shown in Fig. 2 , in which the calculated results with Eq.(8) are also plotted. The physical parameters in this paper are listed in Table 1 . It could be found in Fig.2 that with the increase of phonon number, the results by Monte Carlo method are in good agreement with results calculated with Eq. (8) . Correlation coefficient was also applied to quantitative analysis defined as in Eq. (9) Where p i is scattering sound pressure at the scattering angle of i. p is the mean value of scattering sound pressure divide into m parts. The value of index symbol mc is the results calculated by Monte Carlo method. It can be seen in Table 2 that with the increase of phonon number, the value of correlation coefficient is closer to one. It shows the probability distribution models are correct and can be used to establish ultrasonic attenuation prediction model. The simulation process in this paper is realized by MATLAB described in Fig.3 Initial parameter Npho=N||W<e?
Npho+1
No R>a? 
Numerical results and discussion
In the numerical calculation, the parameters are listed in Table 1 . Attenuation coefficient [11] presented in this paper is defined as
Where N det =(N cc +N cd ) is phonon number received by detector, N tot is the total phonon number transmitted by transmitter, d is the distance between transmitter and detector.
To investigate ultrasonic attenuation especially in high concentration where multiple scattering effects cannot be neglected, a new method by Monte Carlo was presented in this paper. Fig.4 is the ultrasonic attenuation against with particle radius at low concentration. It could be seen that Monte Carlo method is in good agreement with other methods particularly with ECAH model. Correlation coefficient is also applied to analyse the accuracy and the value R XY =0.9953. The ultrasonic attenuation method using Monte Carlo presented in this paper is feasible and can be used to numerical modeling of particle size measurement. Fig.4Variation of the ultrasonic attenuation with particle radius (Cv=1% f=1 MHz) Ultrasonic attenuation against with particle volume concentration is given in Fig.5 . It can be seen that four methods are in good agreement when the concentration is low. With the increase of concentration, scattering especially multiple scattering effects cannot be neglected. The deviation becomes obviously at the concentration of φ=10%. Overall, ultrasonic attenuation by Monte Carlo and Lloyd & Berry methods are in good agreement even at high concentrations of φ=50%. It should be noted that all attenuation events can be fully considered by establishing physics probability distributions, and there is no any assumption in MCM. Ultrasonic attenuation against with frequency is given in Fig.6 . It can be seen that the attenuation calculated by MCM was in good agreement with Lloyd & Berry and ECAH method at low frequency, even the concentration was φ=30%. Because in long-wavelength region, the scattering effect is weak. With the increase of frequency, multiple scattering effects cannot be neglected, and the deviation becomes obviously. Overall, ultrasonic attenuation by Monte Carlo and Lloyd & Berry method are in good agreement even at high concentrations. Ultrasonic attenuation was calculated by Monte Carlo method at different concentration and changes obviously with the increase of concentration shown in Fig.7 . Attenuation against with frequency has a dramatic difference with the increase of concentration. It shows this method can clearly recognize the effect of concentration on scattering attenuation. Furthermore, it can be used to attenuate prediction at wide particle concentration region and the application of high concentration opaque industry measurement can be realized. (a) f =1MHz (b) R =10 μm Fig.7Variation of the ultrasonic attenuation with radius or frequency
Conclusion
In this paper, a new method of ultrasonic attenuation by Monte Carlo for particle analysis is presented. Attenuation characteristics in the two-phase flow of glass bead / water with different particle sizes, concentrations and ultrasonic frequencies were studied.
The results show that the method presented in this paper is in good agreement with ECAH model at particle volume concentration less than 1% in which multiple scattering effects can be neglected. The difference between Monte Carlo and other methods becomes obviously when the volume concentration is higher than 10%. Overall, ultrasonic attenuation prediction by Monte Carlo is more close to Lloyd & Berry method even at high concentrations of 50%. A more accurate model by Monte Carlo is established without approximation, which deals with the physics process by probability distributions. Thus it can be applied to the attenuation prediction and measurements of high concentration particle in opaque two-phase flow.
